Regulation of gene transcription is a key feature of developmental, homeostatic, and oncogenic processes. The reverse recruitment model of transcriptional control postulates that eukaryotic genes become active by moving to contact transcription factories at nuclear substructures; our previous work showed that at least some of these factories are tethered to nuclear pores. We demonstrate here that the nuclear periphery is the site of key events in the regulation of glucose-repressed genes, which together compose one-sixth of the Saccharomyces cerevisiae genome. We also show that the canonical glucoserepressed gene SUC2 associates tightly with the nuclear periphery when transcriptionally active but is highly mobile when repressed. Strikingly, SUC2 is both derepressed and confined to the nuclear rim in mutant cells where the Mig1 repressor is nuclear but not perinuclear. Upon derepression all three subunits (a, b, and g) of the positively acting Snf1 kinase complex localize to the nuclear periphery, resulting in phosphorylation of Mig1 and its export to the cytoplasm. Reverse recruitment therefore appears to explain a fundamental pathway of eukaryotic gene regulation.
T HE nonrandom distribution of chromatin was first noted .100 years ago (Rabl 1885) . The advent of molecular biology has provided a plausible explanation for this interesting observation-in eukaryotes the nuclear position of a gene may determine its transcriptional status. The nucleus is now known to be divided into distinct chromosomal and proteinaceous subcompartments, including interchromatin granule clusters (IGCs), promyelocytic leukemia (PML) bodies, Cajal bodies, SC35 complexes, and the classically described nucleoli and nuclear pore complexes (NPCs) (Pederson 2002; Lamond and Sleeman 2003) . Each of these ultrastructural features has been implicated in various steps in gene expression, including mRNA export, splicing, and transcription initiation (Smith et al. 1999; von Mikecz et al. 2000; Maniatis and Reed 2002; Murphy et al. 2002; Sacco-Bubulya and Spector 2002; Granneman and Baserga 2005; Menon et al. 2005; Cabal et al. 2006; Schmid et al. 2006; Taddei et al. 2006) . This has led to the idea that at least a subset of RNA polymerase II (Pol II) complexes is organized into gene expression machines (Maniatis and Reed 2002; Santangelo 2006) or transcription factories (Cook 2001) . However, definitive experimental verification of a molecular model for eukaryotic gene regulation that is predicated upon the existence of nuclear ultrastructure has long been elusive.
Reverse recruitment, a recently proposed molecular model for eukaryotic gene regulation, postulates that genes become active by moving to contact transcription factories that are localized to nuclear substructures and that at least some of these factories are tethered to NPCs (Menon et al. 2005) . This model was first used to explain the Rap1/Gcr1 activation mechanism, which accounts for $75% of mRNA generation in rapidly growing cells of the budding yeast Saccharomyces cerevisiae (Santangelo 2006; Barbara et al. 2007) . Transcriptomics and other analyses have also implicated the perinuclear regulator Gcr1 in glucose repression (Turkel et al. 2003; Sasaki and Uemura 2005) , a result that the reverse recruitment paradigm can accommodate in a straightforward and parsimonious fashion (Santangelo 2006) .
Our previous work suggested that Rap1/Gcr1 transcriptional activation requires the integrity of an NPCanchored assemblage that provides ready access to active Pol II complexes (Menon et al. 2005) . The existence of a functional relationship between Pol II and NPCs is also indicated by nucleoporin activation, which is easily detected in one-hybrid assays. Since promoters lacking binding sites for transcriptional activators fail to drive transcription in vivo, and the default state of chromatin is silent, the capacity of nucleoporins to function as activators is highly significant. Interestingly, we have found that nucleoporin activation is glucose repressed.
We therefore investigated the potential applicability of reverse recruitment to the glucose repression regulatory pathway. This pathway is a particularly robust system with which to test models for gene regulation, since the roles of the key regulatory proteins responsible for genomewide repression and derepression are very well established (for recent review see Santangelo 2006) . As in mammalian cells, signal transduction through the Ras/cAMP-dependent protein kinase A (PKA) pathway initiates a transcriptomewide glucose response (Wang et al. 2004) . The negative regulators Hxk2, Mig1, and Ssn6 respond to this signal by collaborating to block transcription of glucose-repressed genes (Carlson 1999) . Derepression in the absence of glucose requires phosphorylation of the zinc finger-containing DNA-bound repressor Mig1 by the Snf1 kinase complex (Treitel et al. 1998) . We report here that the reverse recruitment model explains key features of the Hxk2/Mig1/Ssn6/ Snf1 glucose repression pathway. All three subunits of the Snf1 kinase are perinuclear when they are needed to counteract glucose repression by Hxk2/Mig1. Importantly, the canonical target gene SUC2 is highly mobile and randomly positioned in the yeast nucleus when repressed, but associates tightly with NPCs when derepressed.
MATERIALS AND METHODS
Growth and assays: Cells were grown in synthetic complete medium, to which 2% glucose (repressing conditions) or 3% pyruvate (derepressing conditions) was added as carbon source, unless otherwise indicated. Standard assays were done to measure b-galactosidase activity (Zeng et al. 1997) .
Cell fractionation and QFPD assay: Cytosolic, nuclear (nucleoplasmic/perinuclear), and perinuclear fractions were isolated as previously described (Kipper et al. 2002) . a-Snf1 (Santa Cruz Biotechnology) and a-Pom152 (a generous gift of Michael Rout) were used in Western analysis. Strains from the Yeast GFP Clone collection (Invitrogen Life Technologies, San Diego) were used in quantitative fluorescent protein detection (QFPD) experiments. QFPD assays involved loading a portion of each of the aforementioned fractions (0, 2, 4, 8, 0, 20, 40, 80 , and 160 mg for all others) into 96-well plates for analysis with a Typhoon Phosphorimager (GE Healthcare). GFP was excited by using the 488-nm laser and the resulting fluorescence was acquired with the 526 short-pass emission filter at high sensitivity with detection at 13 mm above the platen surface at 200-mm resolution. For quantitative analysis, densitometric values were obtained by using ImageQuant (GE Healthcare) and units of GFP per milligram of protein were determined after normalization.
Confocal laser scanning microscopy: For in vivo time-lapse microscopy, a Zeiss LSM510 META confocal microscope with a 1003 aPlan-Fluar 1.45 NA oil objective lens was used to capture 10 series of nuclei from cells grown on selective SC media plates containing either 2% glucose or 3% pyruvate. Wild-type (WT) cells (isogenic to BY263, with 256 repeats of the Lac operator integrated at position À1500 to the SUC2 gene) contained plasmid-borne LacI-GFP (probe) and Nsp1-yellow fluorescent protein (YFP) (peripheral marker), HIS3 and URA3 marked, respectively. GFP and YFP were excited with the 488-and 514-nm lasers and detected with 505-530 BP and 530 LP filters, respectively. Imaging was done using an aPlan-Fluar 1003/1.45 NA objective with a depth of focus of 1 mm; resolution was 0.04 mm/pixel. Time lapse was performed over 4 min with an image taken every 60 sec starting at time zero. Each P-value associated with the localization of SUC2 within the nucleus was calculated by using an unpaired Student's t-test.
Chromatin immunoprecipitation: Chromatin extracts were prepared from TAP-tagged and HA-tagged strains (Open Biosystems) as described (Boukaba et al. 2004 ). Immunoprecipitation was done with 5 mg of a-TAP (Open Biosystems) or a-HA (12CA5; Roche Molecular Biochemicals, Indianapolis) antibody and protein-A Sepharose beads, using the method detailed in Boukaba et al. (2004) . The final DNA pellet was resuspended in 30 ml TE; 1, 2, and 3 ml were used for PCR amplification of target regions. PCR detection of the SUC2 and ACT1 promoters was done with primers specific to the À500-to À850-bp region. Twenty percent of PCR products were resolved on 2% Nusieve agarose gels and imaged with a Chemidoc XRS (Bio-Rad, Hercules, CA).
RESULTS
Snf1-dependent derepression of nucleoporin activators: We previously used a standard lexA one-hybrid assay to show that components of the Nup84 subcomplex (Siniossoglou et al. 2000) function as potent transcriptional activators while remaining properly localized to the nuclear rim (Menon et al. 2005) . Interestingly, this nucleoporin activation, which spans a range of $3 logs of activity, is repressed by glucose; six different NPC subunits are weaker activators in the presence of glucose (Table 1 ). Western blots confirmed that glucoserepressed reporter gene activity was not due to a carbon source-dependent change in the cellular levels of nucleoporin-lexA chimeras (supplemental Figure 1 at http:/ /www.genetics.org/supplemental/ and data not b Ratio of derepressed to repressed reporter gene expression.
c lexA-driven b-galactosidase activity. Four independent determinations of b-galactosidase activity (units per milligram of total protein) were averaged; standard error of the mean for each value was ,10%.
shown). A Ste12-lexA chimera was tested as an additional control. Ste12 is a conventional activator known to be governed by MAP kinase in the regulatory pathways that control mating and pseudohyphal growth (Pi et al. 1997) ; both its activity and its protein level were found to be unaffected by the presence or absence of glucose (Table 1 and data not shown).
The Snf1 kinase complex is required for derepression of glucose-repressed genes (Treitel et al. 1998 ). This complex, like its mammalian counterpart (the AMPactivated protein kinase, AMPK) (Hardie et al. 1998) , is heterotrimeric and phosphorylates serines and threonines in targeted regulators in the yeast nucleus such as the glucose-responsive repressor Mig1 (Treitel et al. 1998) . We therefore investigated whether nucleoporin activation in the absence of glucose requires Snf1 kinase subunits. SNF1 encodes the catalytic a-subunit, GAL83 encodes the most abundant b-subunit, and SNF4 encodes the g-subunit (Vincent et al. 2001) . We tested nucleoporin-lexA chimeras for Snf1 dependence by introducing them into Dsnf1, Dgal83, or Dsnf4 reporter strains; we then grew the cells in either the presence or the absence of glucose and assayed for b-galactosidase reporter gene activity. Western blots confirmed that removal of Snf1, Gal83, or Snf4 had no effect on expression of the nucleoporin-lexA polypeptides (supplemental Figure 1 at http://www.genetics.org/supplemental/ and data not shown). As anticipated, derepression of transcription mediated by each of the six glucoseregulated nucleoporins was defective in the absence of the a-, the b-, or the g-subunit of the Snf1 kinase ( Figure  1 , A-F, shaded bars). Importantly, for two nucleoporins (Nup145C and Nup145N) both derepression and repression were defective in the absence of the catalytic (Snf1) a-subunit ( Figure 1 , B and D); for a third (Nup133), repression was defective in the absence of either the a-or the b-subunit ( Figure 1F ). The latter unexpected results are a further suggestion that glucose derepression and repression may functionally overlap to a greater degree than previously appreciated (Santangelo 2006) . Snf1-dependent derepression of nucleoporin activation suggested a functional and perhaps even a physical connection between the kinase complex and the nuclear rim. To test for a physical connection, we isolated cytoplasmic, nuclear, and perinuclear fractions as described previously (Kipper et al. 2002; Menon et al. 2005) and assayed for Snf1 in these different compartments; Pom152, an NPC-specific integral nuclear membrane protein, was used as a perinuclear control (Menon et al. 2005) . Figure 2A shows that in the absence of glucose Snf1 is nuclear (as previously reported; Schmidt and McCartney 2000; Vincent et al. 2001) and exhibits significant enrichment in perinuclear fractions.
To test whether or not the remaining Snf1 kinase subunits, as well as other transcription factors, localize to the perinuclear compartment, we developed a sensitive new laser-based method for QFPD (Figure 2 , B-E). This method combines the above biochemical fractionation technique with fluorescence-based quantitation of GFP chimeras. The availability of a GFP collection of 4156 yeast strains, each of which expresses a different full-length, chromosomally tagged GFP chimera (Huh et al. 2003) , allows rapid and comprehensive analysis of the cytoplasmic, nuclear, and perinuclear distribution of virtually any factor in yeast cells.
As a proof of concept for QFPD we again isolated biochemical fractions corresponding to the cytoplasmic, nuclear, and perinuclear compartments, this time by using a strain that contained GFP-tagged histone 2B (H2B, encoded by HTB2). Increasing amounts of protein from each fraction were loaded into a 96-well plate, Figure 1 .-Derepression of nucleoporin-mediated transcription requires the Snf1 kinase complex. Wild type (WT), Dsnf1, Dgal83, and Dsnf4 strains containing a chromosomally integrated lexA-driven reporter gene were transformed with nucleoporin-lexA fusion genes as described previously and assayed for b-galactosidase activity after growth in either the presence (open bars, repression) or the absence (shaded bars, derepression) of glucose. Each of the nucleoporin-lexA fusion genes tested in this assay was expressed at normal levels, i.e., was driven by its native promoter. LexA fusion genes are (A) NUP84, (B) NUP145C, (C) NUP120, (D) NUP145N, (E) SEC13, and (F) NUP133. Error bars represent the standard deviation of four independent determinations. Reporter expression driven by control proteins, which included Ste12-lexA and Gcn4-lexA chimeras, was similar in the presence or absence of Snf1 kinase subunits.
which was scanned with the 488-nm laser of a Typhoon phosphorimager. There was a linear relationship between the amount of total protein tested and the intensity of H2B-GFP fluorescent emission, allowing quantitation over a $10-fold range ( Figure 2B ). Since DNAse treatment was used to release chromatin-bound factors prior to isolation of perinuclear fractions (Kipper et al. 2002; Menon et al. 2005) , it was not surprising to find that H2B-GFP is a nuclear factor that exhibits little if any perinuclear association ( Figure 2B ). Chromatin factors thus serve as an excellent negative control in determining how much of a given yeast regulator is present in the perinuclear compartment. Additional examples include the histone deacetylases Hda1 and Rpd3, as well as the SAGA complex components Spt7 and Sgf73, none of which are detectable in perinuclear fractions ( Figure 2E) . As a further test of the QFPD method, we analyzed strains containing GFPtagged Rap1, Gcr1 ( Figure 2E ), and Pom152 ( Figure  2C) ; the QFPD results for these factors matched previously published Western blot data (Menon et al. 2005) .
We used QFPD to test localization of all three subunits of the Snf1 kinase complex in cells grown in either the presence or the absence of glucose. Whereas Snf4-GFP is present in both the cytoplasm and the nucleus irrespective of the carbon source ( Figure 2C ), both Snf1-GFP and Gal83-GFP are cytoplasmic in the presence of glucose and nuclear in its absence ( (Figure 2A ). Thus derepression of nucleoporin-stimulated transcription requires the entire Snf1 kinase complex, and both the kinase and its regulatory b-subunit cofractionate with NPCs only when they are needed to counteract glucose repression in the yeast nucleus.
Glucose derepression involves tight association between SUC2 and the nuclear periphery: Recent work has clearly demonstrated that transcriptionally active target genes in S. cerevisiae (e.g., those regulated by Rap1/Gcr1, Gal4, and Ino2) physically associate with perinuclear factors (Brickner and Walter 2004; Casolari et al. 2004 Casolari et al. , 2005 Menon et al. 2005) . Given the data presented above, we suspected that SUC2, the canonical glucose-repressed locus on chromosome IX, might also be associated with the nuclear periphery when active. We tested this by inserting an array of lac operators upstream of SUC2 in cells that expressed a LacI repressor fused to green fluorescent protein (LacI-GFP); this allowed monitoring of the in vivo subnuclear position of the tagged locus within a confocal optical slice. Coexpression of a YFP-tagged nucleoporin (Nsp1-YFP) allowed simultaneous visualization of the nuclear rim.
In glucose-grown cells (under repressing conditions), the location of SUC2 in the nucleus appeared to be random ( Figure 3A) . It was present in the perinuclear compartment (taken as the outer third of the nuclear area; see Taddei et al. 2006) in 45% of cells (n ¼ 153). In the absence of glucose (under derepressing conditions), when invertase activity is $100-fold higher (Table 2) , SUC2 localization to the perinuclear compartment increased to 74% ( Figure 3B ; n ¼ 143; P , 0.0001). Time lapse fluorescence microscopy revealed a striking carbon source-dependent difference in the intranuclear motility of SUC2. The position of SUC2 was dynamic in glucose-grown cells ( Figure 3A ; supplemental movies S1-S3 at http://www.genetics.org/ supplemental/). However, in the absence of glucose, movement of SUC2 was restricted to the perinuclear compartment, including occasional sliding along the nuclear periphery ( Figure 3B ; supplemental movies S1-S3). Although the underlying explanation for this lateral perinuclear sliding remains to be determined, similar behavior has also recently been reported for other transcriptionally active genes (Cabal et al. 2006; Taddei et al. 2006) .
Chromatin immunoprecipitation (ChIP) data (Figure 3C ), which were verified across a three-fold range of PCR template, show that the SUC2 promoter associates with at least four different components of the NPC (Nup53, Nup133, Nup145C, and Pom152; Figure 3C ) in both the presence and the absence of glucose; removal of some of these same factors impairs both repression and derepression of SUC2 (see below). SUC2 is also constitutively associated with the corepressor Ssn6 ( Figure 3C ), which is substantially enriched in perinuclear fractions in both the presence ( Figure 2E ) and the absence of glucose (data not shown). In contrast, SUC2 associates with Mig1 only in the presence of glucose; this was expected because Mig1 is exported to the cytoplasm in the absence of glucose (De Vit et al. 1997) .
Mig1 repression occurs in the perinuclear compartment: Many glucose-regulated genes are transcriptionally repressed by the DNA-bound factor Mig1 (Lutfiyya et al. 1998) . In glucose-grown Dmig1 cells, invertase activity is $20-fold higher than in wild type (Vallier and Carlson 1994) . We found that this increase in SUC2 expression corresponds with a significant increase in the peripheral localization of the ORF; the gene is localized to the nuclear periphery in 60% of Dmig1 cells (n ¼ 146) vs. 45% of glucose-grown wild-type cells (n ¼ 152, P , 0.01; Table 2 ). In agreement with previous reports (De Vit et al. 1997; DeVit and Johnston 1999) , our confocal microscopy-based analysis showed Mig1-GFP to be nuclear in the presence of glucose and cytoplasmic in the absence of glucose ( Figure 4A ). QFPD analysis also finds that Mig1 is nuclear in glucosegrown cells (Figure 4B ), i.e., when it binds upstream of SUC2 ( Figure 3C ) and represses transcription (Carlson 1999; Turkel et al. 2003) . Interestingly, QFPD analysis further shows that the perinuclear compartment contains a substantial fraction of Mig1 ( Figure 4B ). This suggests that repression by Mig1 is a dynamic process that requires association with both the promoter DNA and the nuclear periphery (see discussion). In the absence of glucose (derepressing conditions), Mig1 exits the perinuclear compartment and is found predominantly in the cytoplasm (Figure 4) .
Deletion of HXK2, which encodes the predominant form of hexokinase in S. cerevisiae, has long been known to cause defects in glucose repression (Entian 1980) . In Dhxk2 cells grown on glucose, invertase activity increases .70-fold Carlson 1984, 1987) ; this increase remains unaltered in Dhxk2 Dmig1 cells (data not shown). Thus, despite its presence in the nucleus of glucose-grown Dhxk2 cells ( Figure 4A ), Mig1 has lost its function as a repressor. Strikingly, QFPD analysis of Mig1-GFP demonstrated that nuclear Mig1 is depleted from the perinuclear fraction of glucose-grown Dhxk2 cells ( Figure 4B ), indicating that the repressor function of Mig1 requires its presence in the perinuclear compartment. Consistent with this result, SUC2 is retained at the nuclear periphery in 60% (n ¼ 150) of glucose-grown Dhxk2 cells (Table 2 ), a significant increase over that in glucose-grown wild type cells (P , 0.0005). In the absence of glucose, SUC2 is retained at the periphery in 72% of Dhxk2 cells (n ¼ 158); thus in derepressed conditions, both the perinuclear localization of the gene and expression levels (Neigeborn and Carlson 1984) are comparable in the presence and absence of Hxk2.
DISCUSSION
Our work suggests that the function of classically described positively and negatively acting regulators that respond to glucose can be explained by their movement into or out of the perinuclear compartment. This is consistent with the previously proposed reverse recruitment model for gene regulation (Menon et al. 2005) . Two subunits of the derepressing Snf1 kinase complex, Snf1 itself and Gal83, are cytoplasmic under repressing conditions but are perinuclear in the absence of glucose (Figure 2, A, C, and D) . Conversely, the Mig1 repressor is present in the perinuclear compartment and bound to the SUC2 promoter only in the presence of glucose ( Figures 4B and 3C) , and its Ssn6 corepressor is also substantially perinuclear and bound to SUC2 during repression ( Figures 2E and 3C ). The action of these regulators at the nuclear periphery provides an explanation for our initial observation of 
glucose-repressed nucleoporin activation (Figure 1 ). Repression of nucleoporin-activated reporter gene transcription requires the corepressor Ssn6 in the presence of glucose (data not shown) and is derepressed by the Snf1 kinase complex in the absence of glucose ( Figure  1 ). We have also found that glucose regulation is deranged upon removal of perinuclear factors. For example, in Dnup133 cells SUC2 expression, as measured by invertase activity, is at least twofold reduced in the absence of glucose; in the presence of glucose, SUC2 expression is approximately fivefold derepressed. We observe these changes in regulation despite normal nucleocytoplasmic shuttling of Mig1 and Snf1 in Dnup133 cells (data not shown). Taken together, our data suggest that regulation of glucose-repressed yeast genes takes place at the nuclear periphery and further suggest that the Nup84 subcomplex, an essential structure within NPCs, plays a critical role. Consistent with the perinuclear location of its regulators (Mig1, Ssn6, and Snf1), as well as the loss of glucose derepression in the absence of genes encoding perinuclear factors, SUC2 is tightly associated with the periphery when active and exhibits greatly increased motility when repressed (Figure 3 , A and B; supplemental movies S1-S3 at http://www.genetics.org/supplemental/). However, despite the increased motility during repressing conditions, a physical interaction between SUC2 and NPCs can still be detected ( Figure 3C ). One simple explanation for this result might be that a transient random interaction is sufficient to produce a strong ChIP signal; alternatively, the gene may periodically revisit the site of regulatory action in the perinuclear Nup133 (NPC subunit), Nup145 (NPC subunit), Pom152 (NPC-specific integral nuclear membrane protein), or Ssn6 (perinuclear Mig1 corepressor; see Figure 2E ), or HA-tagged Mig1, were immunoprecipitated from cells grown on either the presence (R, repressed) or absence (D, derepressed) of glucose. The SUC2 promoter and ACT1 (negative control) promoter were amplified from both immunoprecipitated material and whole-cell extracts (INPUT, positive control) . No Ab, no antibody (negative control). Neigeborn and Carlson (1984) . Error denotes the standard deviation of four determinations.
b Percentage of cells where the SUC2 ORF is localized to the outer third of the nucleus. P-values, calculated on the basis of a two-tailed Student's t-test, represent a significant difference in the localization of the ORF in glucose-grown WT cells relative to glucose-grown Dmig1 or Dhxk2 cells. *Significant (P , 0.01); **highly significant (P , 0.0005). At least 115 cells were measured for each condition.
c See materials and methods for growth conditions. Confocal laser scanning microscopy of Mig1-GFP in wild-type or Dhxk2 cells grown in either the presence or the absence of glucose, as indicated; coexpressed Rap1-CFP is shown as a nuclear marker. GFP and CFP signals were captured by using a Zeiss LSM 510 META confocal laser scanning microscope with a 633 Plan-Apochromat 1.4 NA oil DIC objective lens. Signals were separated with a 490-nm dichroic mirror with long pass filters adjusted to 505 and 475 nm, respectively. Pinholes were adjusted to obtain ,1.8-mm optical slices. Images were acquired with the Zeiss LSM 510 software version 3.2. (B) Graphs show the fraction of total Mig1-GFP fluorescence present in cytoplasmic (Cyto), nucleoplasmic (Nuc-P, total nuclear fluorescence minus perinuclear fluorescence), and perinuclear (Perinuc) fractions, as determined by QFPD analysis. Open bars, glucose; shaded bars, no glucose. Error bars represent the standard error of the mean. compartment. We favor the latter explanation, that the repressed SUC2 gene occasionally makes physical contact with one or more perinuclear sites of activation but is unable to establish a productive interaction due to Hxk2-mediated interference by the perinuclear Mig1/ Ssn6 repressor. In support of this interpretation, the SUC2 ORF was found at the nuclear periphery in 45% of wild-type cells under repressing conditions; this is significantly above the 33.3% expected by chance, indicating that the distribution of the gene under these conditions is not random.
Importantly, perinuclear sublocalization of Mig1 is required for its function. In glucose-grown Dhxk2 cells, where it fails to repress SUC2 transcription Carlson 1984, 1987) , Mig1 remains nuclear but is excluded from the perinuclear compartment ( Figure  4B ). These data favor reverse recruitment ( Figure 5C ) because they link the perinuclear sublocalization of an upstream transcriptional regulator with its function in repressing gene expression.
Although a number of important questions remain, a growing body of evidence favors a model of regulated gene expression based on localization to nuclear substructures rather than on diffusion-based assembly of the transcriptional machinery. The multiple possible mechanisms depicted in Figure 5 highlight the need for a definitive analysis of the sequence of events that take place immediately following eukaryotic gene induction. Movement of induced genes to the nuclear periphery raises at least two new and fundamental questions about the nature of transcriptional regulation in eukaryotes. First, which factors both accompany active genes to the periphery and are required for this migration? These ''perinuclear shuttling factor(s)'' may be old friends that possess this previously unrecognized talent, or they may have thus far eluded characterization. Second, what are the structure/function relationships in factors that contribute to perinuclear gene expression? Answers to these questions should result in a more accurate and detailed view of how eukaryotic genes are turned on or off.
In combination with our earlier analysis of Rap1/Gcr1 activation, the data presented here suggest that reverse recruitment is a prevalent mechanism of gene activation in yeast cells. Analogous regulatory movement of genes to a defined physical location in the nucleus may also occur in multicellular eukaryotes. Three-dimensional fluorescence in situ hybridization (FISH) has shown that in T-lymphocytes, the q11-13 region of chromosome XV pairs with its homolog and moves to a specific spatial location. Interestingly, this association is defective in patients with either Prader-Willi syndrome or Angelman syndrome, genetic diseases characterized by cognitive impairment and developmental delay (LaSalle and Lalande 1996; Cremer and Cremer 2001) . Since much of the work to date on eukaryotic transcriptional regulation is predicated upon the similarity between S. cerevisiae and multicellular organisms, it seems likely that an accurate and comprehensive depiction of eukaryotic gene regulation will require an improved understanding of nuclear ultrastructures and their reverse recruitment interactions with chromatin.
We are very grateful to Michael Rout (Rockefeller University) for the generous gift of antibodies; to Balaraj Menon for contributing QFPD data; and to Martha Sparrow, Kristina Clarke, and Baobin Kang for outstanding technical support. We also thank Jeong-Ho Kim for helpful discussions and critical review of the manuscript. This work was supported by National Institutes of Health grant RR16476 and National Science Foundation grant EPS0132618. LITERATURE CITED Barbara, K. E., T. M. Haley, K. A. Willis and G. M. Santangelo, 2007 The transcription factor Gcr1 stimulates cell growth by Figure 5 .-Models for localization of induced genes to nuclear substructures. The relocation of active genes can be modeled in three distinct ways. (A) In the processing and export model, the transcript produced by active RNA polymerase II (POL) associates with a nuclear pore complex (NPC), resulting in the relocation of the active gene to the nuclear periphery. (B) Alternatively, an early event in transcriptional activation, such as promoter opening or initiation, triggers the relocation of a gene. (C) Finally, the movement of a gene may bring it into contact with a nuclear substructure, such as the NPC, where RNA polymerase II molecules are tethered. We refer to this model as reverse recruitment. The central concept of this model is that the promoter of a gene mediates both its movement to the periphery and its interaction with nuclear substructures. (D) The reverse recruitment model can also be applied to lumenal substructures. It is possible that there exist subsets of eukaryotic genes that are brought to the nuclear periphery via each of the models in A-D.
